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ABSTRACT 
STRUCTURAL EVALUATION OF ASPHALTIC PAVEMENTS 
by 
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To evaluate projects involving approximately 200 
route-miles of interstate and primary pavements in Kentucky 
and Tennessee in relatively short time frames, it was 
decided to test, analyze, and design overlays using test 
equipment (Road Rater) and procedures developed by the 
University of Kentucky Transportation· Research Program. 
This paper presents the analysis methodology and the 
evaluation and overlay designs for selected projects, 
including the before-and-after analysis of milling on one 
project. 
The Road Rater applies a dynamic sinusoidal loading of 
known force and frequency. The velocity of the vibration 
waves are measured by sensors and integrated electronically 
to obtain surface deflections. An analysis of the shape and 
magnitude of the deflection bowl permits an assessment of 
whether the structure is performing as anticipated or 
whether some component is significantly weaker than 
designed. Analyses permit the determination of the 
''behavioral'' or effective thicknesses of the asphaltic 
concrete layers and the in-place subgrade moduli. Strip 
charts of overlay thicknesses for each test point along the 
length of a project permit delineation of the project into 
relatively uniform segments. The required overlay thickness 
is the difference between the total thickness required for 
new construction to carry the anticipated traffic and the 
behavioral thickness of the existing pavement. 
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INTRODUCTION 
Highway agencies for years have facerl the problem of 
providing for the rehabilitation and rejuvenation of highway 
pavements. Typically, funds are insufficient to meet all 
the such rehabilitation needs. In more recent years, 
problem has been aggravated inasmuch as the great highway 
construction boom has now passed and all highway agencies, 
both state and Local, are faced with a ballooned mileage of 
highways that must be maintained in a serviceable condition. 
Thus, the relative proportion of the rehabilitation budget 
requirements to the total highway agency budget has 
increased. A compounding factor is the general demand by 
the public that governmental agencies manage public funds 
more effectively and efficiently. Additionally, public 
monies available for all purposes are generally decreasing 
(relatively), and therefore the demand for allocation among 
various governmental services is much sharper and more 
competitive. 
The transportation infrastructure, in part consisting 
of the highway and street networks of this country, are a 
primary element in economic rlevelopment and growth. ~lith 
such Large concentrations of population in relatively small 
areas, it is absolutely necessary that required and desired 
goods and services be delivered to those that are not able 
to completely service themselves <and in today's era of 
specialization, almost no one is completely self-
sufficient). There is now a tremendous burrlen on highway 
agencies to protect the great financial investment 
represented by the highway and street systems. To make the 
most efficient use of available funds, it is net~ssary to 
select and schedule rehabilitation activities on a timely 
basis. If maintenance and rehabilitation are delayed, the 
level of service provided the traveling public decreases at 
an accelerating rate. Also, the cost of rehabilitation has 
been reported to be as mucho as four times that had the 
rehabilitation been performed at the proper time. 
There are a number of tools and methodologies available 
to the highway engineer and administrator to assist in 
making decisions as to appropriate rehabilitation 
strategies. The most elemental and probably the first 
methodology to be used was to rely on visual surveys and 
observ~tions of pavement conditions. Measurements of 
rutting and road roughness (ride quality) also have been 
used, along with measurements of the extent of cracking and 
patching, to provide input upon which to base decisions for 
rehabi liation activities. In more recent years, skid 
resistance of pavement surfaces has been involved in 
rehabilitation strategies. Unfortunately, these approaches 
of observing or measuring manifestations of pavement 
performance only from the surface are not always adequate. 
These traditional procedures may not show i~minent, but 
hidden, structural deterioration. 
Sometimes, to determine the actual structural capacity 
of a pavement system, it may be necessary to core the 
pavement. This, of course, is costly both in terms of funds 
and time and still may not provide the quantity of 
information necessary to evaluate the structural capacity of 
a network of highways or streets. In recent years, pavement 
deflections (more specifically, dynamic deflections) have 
been used as an additional input variable to the 
decision-making process of selecting and scheduling 
rehabilitation 
apparatus as 
falling-weight 
strategies. Dynamic deflections made by such 
the Road Rater, Dynaflect, anrl the 
deflect 0meter provide basic information 
related directly to the structural adequacy of the pavement 
system. This information, along with the other more 
conventional input factors of pavement condition and 
performance, permits a more complete analysis of the 
sufficiency of pavement systems on a project-by-project 
basis; resulting decisions relating to rehabilitation 
strategies are much more efficient. 
The objective of 
document a methodology 
the structural adequacy 
this paper is to summarize and 
that has been developed to evaluate 
of asphaltic concrete pavements 
prior to preparing overlay designs and recommending other 
rehabilitation strategies. The methodology is based on 
elastic theory and a 
schema. The procedure 
deflections measured by 
rational pavement 
makes use of 
the Road Rater. 
thickness design 
dynamic pavement 
It also has been 
demonstrated that pavement deflections obtained with the 
Dynaflect are compatible with the procedure. The 
methodology is ''dynamic'' inasmuch as it is continually being 
refined, and the description of the methodology contained in 
this paper is as of the spring of 1984. Case histories also 
are presented to illustrate applications ·of the methodology 
to actual, ''real-world'' decisions related to overlay 
rehabilitation strategies. 
BASIS FOR THE EVALUATION METHODOLOGY 
SIMULATION OF DYNAMIC DEFLECTIONS 
BY ELASTIC THEORY 
Loading 
The testing head of the Kentucky Road Rater consists of 
a vibrating mass of 72.6 kg (160 lb) that impulses the 
pavement; the forced motion of the pavement is measured by 
velocity sensors located at 0, 305, 610, and 914 mm <O, 1, 
2, and 3 ft) from the center of the test head. Frequency of 
the vibrator may be chosen from 10, 20, 25, 30, or 40 Hz. 
When the vibrating mass is lowered to the pavement under a 
hydraulic pressure of 4.82 MPa (700 lbf/s~ in.), the static 
load is 7.43 kN <1,670 lbf). 
At a frequency of 25 Hz and a double-amplitude of 
vibration of 1.52 mm (0.06 in.), the Road Rater has a 
double-amplitude dynamic force oscillation of 2.67 kN (600 
lbf). The composite loading consists of a static load of 
7.43 kN and a dynamic force amplitude of 1.33 kN (300 lbf) 
that oscillates about the static load. 
The Road Rater loading is transmitted to the pavement 
by two feet symmetrically located on either side of a beam 
that extends ahead and supports the velocity sensors. For 
these symmetrical conditions, deflection calculations need 
be made only for one foot and the radii corresponding to 
each sensor location. Using superposition principles 
deflections that result from the load applied to one foot 
must be added to deflections due to the load applied by the 
other foot to obtain the total deflection in the pavement at 
a given point. 
The dynamic loading (sine wave) of the Road Rater may 
be approximated by a square wave such that the maximum value 
of the square wave is equal to 11{2 times the peak value of 
the sine wave. The maximum and minimum square~wave loadings 
for the Kentucky Road Rater are 8.37 and 6.49 kN (1,882 and 
1,458 lbf). From symmetry, the maximum and minimum loads on 
each foot of the test head are equal to 4.19 and 3.24 kN 
(941 and 729 lbf), respectively. The total dynamic 
deflection is defined as twice the difference between the 
deflections calculated using the Chevron N-layered computer 
program (2) for the maximum and minimum"loads. 
Input Parameters 
Inputs required by the Chevron N-layered program 
include a contact pressure corresponding to the applied 
load; the number of layers; and the thickness, Young's 
modulus, and Poisson's ratio of each layer. The contact 
pressures of the maximum and minimum loads were selected to 
maintain the correct area for each loading foot. Values 
used in simulating the Road Rater loadings and deflections 
are summarized in Table 1. 
The modulus of a granular base (Ez> is a function of 
the moduli of the confining layers, i.e., the modulus of the 
asphaltic concrete <E1 > and the modulus of the subgrade 
TABLE 1. PARAMETERS FOR SIMULATION OF 
ROAD RATER LOADING 
========================================== 
PARAMETER 
Poisson's Ratio 
Asphaltic concrete 
Granular base 
Subgrade 
Contact Pressure (MPa) 
Low (3.24-kN) load 
High (4.19-kN) load 
Layer Thicknesses (mm) 
.Asphaltic concrete 
Granular base 
Full-depth asphaltic 
concrete 
Modulus of Elasticity 
Asphaltic concrete 
Subgrade 
1 MPa = 145 lbf/sq in. 
1 kN =. 225 lbf 
1 mm = 0.04 in. 
0.40 
0.40 
0.45 
0.183 
0.231 
VALliE 
51 thru 355 
(four increments) 
51 thru 659 
(four increments) 
102 thru 510 
(eight increments) 
(GPa) 
1.38 thru 13.80 
(nine increments) 
0.041 thru 0.41 
(nine increments) 
<E 3 l. Estimation of the modulus of the crushed-stone layer 
may be determined from the relationship E2 = F x e3 , where 
there is an inverse linear relationship between log F and 
Log E3 • The ratio of Ez to E~ is equal to 2.8 at a 
California bearing ratio (CBR) of 7 and to 1 when e, equals 
E3 ; i.e., E1 • Ez = Ea {3, 4>, the case of a Boussinesq 
semi-infinite half space. Laboratory triaxial testing also 
has indicated variations in modulus as a function of 
confining pressure. 
base to subgrade) 
A modulus ratio of 2.8 (crushed-stone 
at a CBR of 7 represents experience in 
Kentucky. The modulus of the subgrade (in lbf/sq in.) can 
be approximated by the product of CBR and 1500, a method of 
estimating moduli adequate for normal design considerations 
up to a CAR of about 17 to 20 (3-7). 
Reference Conditions 
The modulus of elasticity of asphaltic concrete varies 
as a function of frequency of Loading and of temperature. 
Conditions for the current Kentucky thickness-design 
procedures and the method for conducting Benkelman beam 
(static) deflection tests correspond to a modulus of 3.31 
GPa (480,000 Lbf/sq in.) at 0.5 Hz and a pavement 
temperature of 21 C (70 F). A reference frequency of 25 Hz 
was selected for the Road Rater; the corresponding modulus 
of asphaltic concrete at 21 C is 8.27 GPa (1,200,000 lbf/sq 
in.l, obtained using Figure 1. The equation presented in 
Figure 1 is a close approximation of 
testing by Shook and Kallas (8). 
results of laboratory 
THE DEFLECTION BOWL 
Analyses of pavement deflections involve examinations 
of the shapes of deflection bowls (6, 7, 9-17). The shapes 
of typical deflection bowls are illustrated in Figure 2. An 
empirical evaluation of the shape of a deflection bowl 
involves extrapolating 
Rater deflections of 
a straight Line through the Road 
the No.·2 and No.3 Sensors when log 
deflection is plotted as a function of the arithmetic 
distance from the Load head. The deflection at the position 
corresponding to the No. 1 Sensor is the No. 1 projected 
deflection (1P in Figure 3, for example). The slope of the 
semi-log secant Line, the difference between the No. 1 
projected (1Pl and the No. 1 Sensor C1Ml deflections, and 
the magnitude of all deflections are all indicative of the 
shape of the deflection bowl. 
Typically, there is a 
projected and the No. 1 
between difference 
Sensor deflections, 
the No. 
both 
1 
for 
theoretical deflections <calculated using the Chevron 
N-layered program and design or as-constructed input 
parameters) and for field-measured deflections. Normally, 
differences between the No. 1 projected deflection and the 
No. 1 Sensor deflection for both theory and field 
measurements are the same (see Figure 3). However, when 
these differences are not the same, unanticipated behavior 
of the pavement system is indicated. For example, slab 
deterioration is suggested when field measurements indicate 
a No. 1 Sensor deflection greater that the No. 1 projected 
deflection and the difference between these values is 
Figure 1 • 
• 
"' 
IE •I· 10 
(o+bF + \'lF 2 +(d +eF + fF 2 J(!aq10 H:t:l] 
in whiell 
F' ~ tern p•roiiHCI ("'F I 
Ql G 8.763853405 
b GmQ,QQ72846'31S 
C: G~0,0001008~9~ 
~ ~~0.17411912.21 
10 tl ~ 0.0074991Z75 
f ~cQ,QQQQJ80328 
100 
37.S 
OJ 
10 
90 so 10 60 50 40 
, TemQerature("Fl 
:n.z 26.7 "21.1 15.6 10.0 4.4 
Temperatura('"C) 
100 1000 
IE* I (k•ll 
!0,000 
Relationships among Temperature of Pavement, 
Frequency of Loading, and Modulus of Elasticity 
of the Asphaltic Concrete. 
Distance From Point of l..oadin~ 
Weo k Su bq rode 
Figure 2. Sketches of Typical Deflection Bowls. 
greater than the difference for theoretical deflections (see 
Figure 3). On the other hand, a foundation problem, or Lack 
of supporting capability, may be indicated by increased 
magnitudes of all field deflections and a No. 1 projected 
deflection greater than the No. 1 Sensor deflection (see 
Figure 3). Also, the difference between the No. 1 projected 
deflection and the measured No. 1 deflection should be 
greater than the difference for theoretical deflections. 
A Log-log plot of No. 1 projected deflections versus 
No. 1 Sensor deflections may be used to identify variations 
in behavior of the pavement structure. The solid Line in 
Figure 4 shows the theoretical relationship for a given 
structure and asphaltic concrete modulus. Subgrade modulus 
increases logari thmi ca lly (approximately) along the line as 
deflections decrease. The approximate Logarithmic scale is 
a function of pavement structure. The two dashed lines 
indicate the variation in position of the theoretical line 
due to changes 
unit (2.54 x 10~4 
in 
mm 
magnitudes 
or 1 x 1 a-s 
of the deflections by +one 
in.) on the Road Rater 
meters and the associated shift in calculated No. 1 
projected deflections. The zone inside these dashed lines 
represents an expected variation due to reading the meters 
of the Road Rater. 
EFFECT OF ERRORS AND MISSING DATA 
Current procedures utilize deflections of the three 
sensors nearest the point of Load application to evaluate 
the shape of the deflection bowl. Comparisons between the 
Figure 3. 
Figure 4. 
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shape of the measured deflection bowl and the theoretical 
bowl provide estimates of effective thicknesses and subgrade 
moduli. Since analysis of Road Rater data involves all 
deflections simultaneously, it is important to understand 
the effects of errors for any or all measurements. 
Normal operating tolerance for reading the Road Rater 
meters is +one unit. The probability of the occurrence of 
an error of plus one unit or of minus one unit for any given 
sensor is 1/3 (33.3 percent). However, the probability of 
the occurrence of an error in one sensor reading for a 
single set of readings (deflection bowl) is reduced to 1/9 
(11.1 percent) (nine possible combinations of a unit 
variation in reading a single scale or meter). The 
probability of the occurrence of an error of plus one unit 
or of minus one unit on two of the three Roarl Rater sensors 
1 I 18 ( 5. 6 percent). The for a single deflection bowl is 
probability of the simultaneous occurrence of a similar 
error irr all three sensor readings is even more remote 
or 3.7 percent). 
(1/27 
There are numerous combinations of errors of plus or 
minus one unit. Analyses have indicated that an error for 
the No. 2 Sensor is most critical for current analysis 
procedures. It also has been determin~rl that errors of plus 
or minus one unit for the No. 2 Sensor in combination with 
and minus or plus one unit for the No. 3 Sensor are most 
critical when two errors occur simultaneously. The most 
critical simultaneous errors in all three sensor readings 
are minus or plus one unit for the No. 1 Sensor, plus or 
minus one unit for the No. 2 Sensor, and minus or plus one 
unit for the No. 3 Sensor. 
These errors in reading Road Rater meters affect 
predictions of the behavior of existing pavements. The 
extent of the effect is a function of the thickness and 
strength of each layer and the strength of the subgrade. 
Normal operator error affects more significantly the results 
of analyses when the magnitudes of deflections are small, 
because a unit change produces a greater change in predicted 
subgrade strength and(or) effective pavement thickness (see 
dashed lines in Figure 4l. 
Occasionally, situations arise such that data for one 
of the sensors may be missing or obviously erroneous. In 
that event, data may be analyzed using procedures published 
previously (7). The short-cut procedure reported in this 
paper is not applicable since that approach is predicated 
upon an analysis of both the shape and magnitude of the 
deflection bowl. 
Table 2 illustrates a portion of deflection data where 
the the third sensor occasionally short circuited because of 
a broken wire in the cable connection. That condition was 
recognized and corrected, but not before a significant 
segment of the project had been tested. Information 
presented on the left portions of Table 2 are representative 
of typical output from a computerized analysis of Road Rater 
deflections utilizing the short-cut procedure. Note 
particularly the column labeled ''ASPH T-EFF'' and the very 
Low magnitude of the effective thicknesses of asphaltic 
TABLE 2. COMPARISON OF RESULTS OF ANALYSIS PROCEDURES WHEN DATA IS MISSING 
=============================================================================================== 
AT MILEPOINT # 36.00 (TEMP READING # 1 OF 1 = 911.00) 
DESIGN THICKNESS = 6.50 INCHES 
MEAN TEMP= 92.11 AT TIME= 14.75 
PREVIOIIS 5-DAY AVERAGE TEMP = 79.3 
SITE MILE- COMB . SEN1 SEN2 SEN3 
NO. POINT TEMP RDG RDG RDG RANGE DEFL1 OEFL2 
SllRGRAD ASPH MEAN ASPH 
DEFL3 MODULUS T EFF ESUB T EFF 
21 
22 
23 
24 
25 
26 
27 
211 
29 
30 
31 
32 
33 
34 
35 
36 
37 
311 
311.60 
311.70 
311.RO 
38.90 
39.00 
39.10 
39.20 
3<l.30 
39.40 
39.50 
3<l.60 
39.70 
39.110 
39.90 
40.00 
40.1 o 
40.20 
40.30 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
177.3 
! 
Sfc temp plus --,-
5-day mean air! 
history 
36 
27 
40 
33 
45 
40 
63 
51 
50 
29 
35 
26 
41 
34 
33 
24 
34 
40 
18 
10 
20 
14 
22 
16 
40 
26 
22 
10 
12 
10 
20 
17 
13 
9 
16 
16 
! 
4 
1 
4 
1 
2 
2 
17 
7 
4 
1 
1 
1 
4 
3 
1 
1 
4 
4 
Measured 
deflections 
Scale factor 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
27.62 
20.611 
30.60 
25.20 
34.32 
30.46 
47.90 
311.72 
37.91 
21.95 
26.46 
19.62 
30.90 
25.59 
24.80 
1R.01 
25.4R 
29.93 
15.67 
11.70 
17.39 
12.17 
19.11 
13 .R9 
34.71 
22.55 
19.07 
8.66 
10.39 
11.65 
17.29 
14.69 
11.23 
7.77 
13.81 
13.80 
3.79 
0.95 
3.79 
0.95 
1.89 
1.89 
16.09 
6.63 
3.7R 
0.95 
0.95 
0.95 
3.711 
2.R3 
0.94 
0.94 
3.711 
3.7R 
Adjusted deflections 
31998 
47722 
27777 
36313 
23701 
27949 
· 1494R 
20059 
206511 
43950 
33959 
5131 II 
27399 
35562 
37134 
577R4 
35775 
211634 
Estimated subgrade modulus 
and effective thickness using 
Sensors No. 1, 2, and 3 
1.23 
0.20 
0.97 
0.07 
0.14 
0.49 
3.89 
2.24 
1 • 1 9 
0.27 
0.20 
0.16 
1.03 
0.58 
0.1 o 
0.22 
1 • 91 
3.15 
38823 
70221 
34020 
49105 
29822 
40365 
1623 5 
24755 
211346 
611592 
54410 
72344 
33975 
42449 
52655 
R2006 
44460 
40916 
Estimated subgrade modulus and effective 
thickness when data is missing or erroneous 
5.23 
3.79 
5.19 
4.49 
5.03 
4.14 
6.04 
5.20 
4.56 
3.42 
3.39 
4.06 
5.11 
5.33 
4.15 
3.96 
5.03 
4.20 
concrete. An inspection of the unadjusted field deflection 
readings ''SEN 1 RDG,'' ''SEN 2 RDG,'' and ''SEN 3 RDG'' indicated 
the values for the third sensor were abnormally low for the 
specific pavement section being tested. 
Since the short-cut analysis was not applicable, it was 
necessary to use deflections at the first and second sensors 
to estimate the subgrade modulus. A mean subgrade modulus 
may then be calculatep and plotted as a function of the 
deflection at Sensor No.1. Interpolation may be used to 
estimate the effective thickness of asphaltic concrete using 
the short-cut methodology. Results of those analyses are 
presented in the two columns to the far right of Table 2. 
Those results are more reasonable than far the short-cut 
analysis. 
EVALUATION PROCEDURES 
AS-CONSTRUCTED THICKNESSES 
To properly evaluate the behavior of asphaltic concrete 
pavements, thicknesses of the component layers must be 
determined from the most reliable construction or 
maintenance records or by coring the pavement, if adequate 
records are not available. Analysis pr~cedures are 
predicated on matching measured deflections with some 
theoretical deflection bowl. There are many combinations of 
layer thicknesses, layer moduli, and subgrade moduli that 
may result in a deflection bowl that matches field 
measurements. It is readily apparent that only a few of 
those combinations represent realistic configurations. 
Initial procedures were of an iterative nature. More 
recently, procedures have been streamlined to eliminate the 
need for iterations. However, the existing layer 
thicknesses are necessary as a starting point for the 
analysis and also to assess whether results are realistic. 
Specific portions of the analysis affected by the 
initial layer thicknesses include the following: 
1. Estimation of ~he temperature distribution within 
the asphaltic concrete and the resulting mean 
pavement temperature (affects the magnitudes of 
the deflection adjustment factors and the average 
modulus of elasticity of the asphaltic concrete), 
2. Estimation of the in-place subgrade modulus, and 
3. Estimation of the appropriate worth (structural 
capacity) of the existing asphaltic concrete. 
If the estimated as-constructed thicknesses are too thin, a 
hot summer day will result in a temperature distribution too 
high, an adjustment factor too large, an estimated subgrade 
modulus that is too high, and an equivalent thickness of 
asphaltic concrete too large. Conversely, assuming the 
as-constructed thickness of the asphaltic concrete greater 
than actual, the temperature distribution will result in a 
lower average temperature than expected, a lesser deflection 
adjustment factor, too weak a 
small an effective thickness 
subgrade modulus, and too 
of the asphaltic concrete. 
Fortunately, a given error in the assumed value of the 
as-constructed thickness of the crushed-stone base affects 
the estimate of the in-place subgrade modulus and behavioral 
thickness of the asphaltic concrete much less than the same 
error in the as-constructed thickness of the asphaltic 
concrete. 
ADJUSTMENTS FOR NONREFERENCE CONDITIONS 
Moduli of Asphaltic Concrete 
Field measurements include Road Rater deflections, 
surface temperatures, time of day, and frequency of 
vibration. The surface temperature, time of day, and mean 
air-temperature history for the previous five days are 
necessary to determine the temperature distributions within 
the pavement structure using a method developed by Southgate 
and Deen (1R, 19). The five-day mean air-temperature 
history can be obtained from weather records at local 
offices of the National "Oceanic and Atmospheric 
Administration or local radio and TV stations. 
The mean modulus of elasticity of asphaltic concrete is 
a function of frequency of loading and mean pavement 
temperature <R, 2n). A relationship between modulus and 
temperature may be developed for the reference frequency of 
25 Hz, or any other frequency that may be representative of 
other dynamic loads <'igure 1). Thus, a distribution of the 
modulus through the asphaltic concrete layer for the 
reference frequency of 25 Hz may be determined for any 
temperature distribution. For layers thinner than 152 mm (6 
in.), results were better when the pavement modulus was 
taken as the average of the moduli on 12.7-mm (0.5-in.) 
intervals beginning at the 25.4-mm (1-in.) level. For 
thicknesses greater than 152 mm, the most representative 
modulus appreared to be the mean of moduli on 25.4-mm 
the 25.4-mm Level. For pavements intervals beginning at 
thicker than about 
top, middle, and 
representative. 
125 mm (5 in.), a mean of moduli at the 
bottom of the Layer also was 
Adjustment Factors for Deflections 
Because of the significant effect of temperature on the 
modulus of elasticity of asphaltic concrete, it is necessary 
to adjust deflection measurements to a reference temperature 
and modulus. One method of developing adjustment factors is 
to use ratios of deflections for variations in modulus and 
thickness of the asphaltic concrete layer and subgrade 
modulus. Such ratios can be used to adjust deflections to a 
reference condition. In Figure 1, the moduli at 21 C 
(selected as the reference in Kentucky) are 3.31 GPa for 0.5 
Hz (Benkelman beam loading rate) and 8.27 GPa for 25 Hz 
(Road Rater Loading rate). For a given thickness of 
asphaltic concrete, adjustment factors vary according to 
changes in the thicknesses of granular base and the values 
of E3 , but these variations are minimal when compared with 
variations in adjustment factors for differences in 
thicknesses of asphaltic concrete layers. Thus, adjustment 
factors for all crushed-stone base thicknesses for a 
constant subgrade modulus and thickness of asphaltic 
concrete were averaged into a single Line. Treating other 
thicknesses 
relationships. 
in the same manner 
Investigation of other 
produces 
subgrade 
similar 
moduli 
indicated only minor variations in adjustment-factor values 
for the same thickness of asphaltic concrete. The 
adjustment-factor curves shown in Figure Sa were produced by 
averaging the adjustment factors for each thickness of 
asphaltic concrete and across subgrade moduli. 
Two-layered pavements show similar variations in 
adjustment factors relative to E3 's and asphaltic concrete 
thicknesses. Tne adjustment-factor curves shown in Figure 
5b were produced by averaging adjustment factors for all 
E3 's and a constant thickness of asphaltic co
ncrete. 
A mean pavement modulus can be found using the 
distribution of asphaltic concrete moduli through the 
pavement. The necessary adjustment factor (a multiplier) 
required to bring the field deflection to a deflection at a 
reference modulus is determined using the appropriate 
adjustment-factor chart (see Figure 5) and the mean modulus 
of elasticity of the asphaltic concrete Layer. 
An alternative method of presenting the adjustment 
factors is shown in Figure 6. The system shown adjusts the 
deflections to specific conditions -- 25 Hz, a mean pavement 
temperature of 21 c, and E1 of 8.27 GPa. Figure 5 was 
developed on a basis of mean modulus of the asphaltic 
concrete layer. Figure 6 was developed from Figure~ ~a and 
5b for more convenient direct adjustments on the basis of 
mean pavement temperatures. Factors from Figure 5 adjust 
Road Rater deflections to a reference modulus E of 8.27 GPi 
regardless of the frequency of loading. Factors from Figure 
Figure 5. 
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6 adjust Road Rater deflections to a reference temperature, 
frequency, and modulus (21 C, 25Hz, and E of 8.27 GPa). 
The adjustment-factor schema presented in Fiqures 5 and 
data 
A 
6 was developed using 
corresponding to the No. 1 
theoretical 
Sensor of the 
deflection 
Road Rater. 
similar system also was developed for deflection data for 
both the No. 2 and ·No. 3 Sensors. A comparison of the three 
different adjustment fa~tors indicated an average difference 
o{ .:!:_0.032 between Sensors No. 1 and No. 2 and an average 
difference of .:!:_0.048 between Sensors No. 1 and No. 3 for a 
range of asphaltic concrete moduli of 1.38 to 13.8 GPa 
(200,000 to 2,000,000 lbf/sq in.). The greater differences 
in adjustment factors occurred at lower values of moduli and 
for thinner layers of asphaltic concrete. Initially, 
deflection adjustment-factor curves shown in Figures 5 and 6 
were assumed to be adequate for any of the sensors (No. 1, 
No. 2, or No. 3) of the Kentucky Road Rater. However, 
experience has shown that use of a single adjustment factor 
for all sensors may Lead to a skewed deflection bowl that 
may result in erroneous evaluations. Thus, separate 
adjustment factors now are used for each sensor. An 
equation representing the relationships in Figure 5 has been 
devel~ped to calculate adjustment factors. The eauation and 
coefficients for all sensors are presented in Table 3 (21). 
Seasonal Adjustment 
Figure 7 illustrates the variation in predicted 
subgrade moduli from April to September based on data 
obtained in Kentucky over a one-year period. Such analyses 
Figure 6. 
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TABLE 3. EQUATION AND CONSTANTS FOR DEFLECTION ADJUSTMENT 
FACTORS FOR THE KENTUCKY ROAD RATER 
============================================================== 
log AF 
in which AF = deflection adjustment factor, 
AC = thickness of asphaltic concrete (inchP.s), 
EA,= mean modulus of elasticity of asphaltic concrete 
(psi), and 
j =Road Rater sensor number (1, 2, 3). 
THREE LAYERED PAVEMENTS 
Crushed-Stone Base 
j H1 
1 -2.0312535E-19 
2 7.2614981E-20 
3 1.6419243E-19 
j 
1 
2 
3 
M1 
1.0225763E-19 
4.3336498E-20 
3.3403716E-20 
Crushed-Stone Base 
j . H1 
1 -2.3472762E-20 
2 8.6274124E-20 
3 1.1280263E-19 
j M4 
1 8.6110078E-20 
2 3.5850121E-20 
3 2.1116466E-20 
Less than 8 inches thick 
H~ H~ 
7.1127654E-13 -R.4587020E-07 
-1.0302809E-13 -1.3874220E-07 
-3.3570986E-13 -4.2060526E-08 
M;a 
-4. 4990262E-13 
-2.2091077E-13 
-1.6395133E-13 
Ms 
7.0628626E-07 
4.5988R41E-07 
3.4805071E-07 
H<l 
0.25466949 
0.46060097 
0.6601'!1522 
M<l 
-0.37155742 
-0.30474423 
-0.23820381 
equal to or greater than 8 inches thick 
H:a H3 H4 
1.1931522E-13 -2.9552194E-07 0.15345469 
-1.3810588E-13 -!.8295169E-08 0.42052283 
1.7456748E-13 -1.3783142E-07 0.60022647 
M:a Ms M-t 
-3.8725065E-13 6.2848481E-07 -0.34173343 
-1.8167083E-13 3.8532939E-07 -0.25976352 
-1.0783377E-13 2.5034102E-07 -0.18049747 
--------------------------------------------------------------
TWO LAYERED PAVEMENTS 
j H1 H:a H:r H<J 
1 -1.1966613E-18 3.6419900E-12 -3.3712189E-06 0.40220812 
2 8.4194518E-20 -1.0803309E-13 -2.0750845E-07 0.63921054 
3 2.8:'>37843E-19 -6.0413664E-13 6.2056443E-08 0.84294!'120 
j M1 M2 M3 fo! .. 
1 1.0486R07E-19 -4. 5399608E-13 6.6726565E-07 -0.32106577 
2 1. 0429773E-19 -4.7586726E-13 7.9423008E-07 -0.44438965 
3 9.6133265E-20 -3.9709184E-13 6.8153597E-07 -0.41509883 
--------------------------------------------------------------
permit the adjustment of deflection data obtained at any 
time to equivalent springtime deflections, when the subgrade 
is typically in the weakest condition. Analyses of Kentucky 
data indicated that fall tests provide the most consistent 
long-term indicator of pavement behavior. However, overlay 
designs are based on the subgrade in its weakest condition. 
Thus, Figure 7 permits 
data to springtime 
an approximate adjustment of test 
conditions. Tests 
interstate pavements in Tennessee from August 
performed on 
through r~arch 
confirmed the pattern of Figure 7. The minimum spring value 
for Tennessee was approximately 0.55 compared to 0.60 for 
Kentucky. 
EVALUATION OF THE PAVEMENT STRUCTURE 
Foundation <subgrade) stiffness (or modulus of 
elasticity) 
structure. 
necessary 
is a factor affecting the behavior of a pavement 
Thus, estimates of subgrade strength are 
to evaluate overall pavement conditions. 
''design'' condition exists when there is no loss 
A 
of 
''effective'' thickness in any of the layers. Deterioration 
or deficiencies in the layers of the structure means that 
performance is similar to another combination of layer 
thicknesses 
such cases, 
composed 
it is 
of reference-quality materials. In 
necessary to estimate the "effective" 
thicknesses of the deteriorated layers of the pavement 
structure. 
realistic 
conditions 
This may be accomplisherl by determining a 
combination of layer thicknesses at reference 
and subgrade modulus that results in a 
theoretical deflection bowl matching the measured deflection 
bowl. 
Estimating Subgrade Strength 
For given Layer thicknesses, relationships were 
developed (from elastic theory) between theoretical 
deflections and subgrade moduli for a constant (reference) 
asphaltic concrete modulus of elasticity (Figure 8 and Table 
4). The methodology for. utilizing these relationships to 
estimate subgrade strength has evolved through several 
stages. Initially, the first three sensor deflections were 
used to obtain three estimates of the subgrade modulus, 
which then were averaged. The methodology was simplified so 
only the No. 2 Sensor deflection was used (4, 7). Further 
refinements util.ized the No. 2 and No. 3 deflections to 
compute a No. 1 projected deflection. The measured No. 1 
Sensor deflection and the No. 1 projected deflection are 
then plotted and compared to values predicted by elastic 
theory. 
Subgrade moduli may be estimated using deflections, 
measured by any of the sensors singly or in combination. 
Moduli may vary slightly, but those variations usually are 
not significant. 
Interpretation of Deflection Data 
Foundation or Subgrade Problems When a foundation 
problem exists, the deflection bowl is much ''broader'' and 
''flatter'' than would be expected, and the magnitudes of all 
measured deflections are greater than those predicted by 
elastic theory for the anticipated design conditions (Figure 
TABLE 4. EQUATIONS AND COEFFICIENTS FOR ROAD RATF.R DEFLECTIONS ================================================================================= log = K log E5 + L · 3 a K = N1 AC + N% AC + N3 AC + N4 
L = Ns AC3 + N~ AC1 + N7 AC + N8 
N· = A• DGA 4 + A: DGA3 + C• DGA:I. + D• DGA + E• J. .1.. - A. .A, •,t. 
in which AC = thickness of asphaltic concrete (inches), 
DGA = thickness of crushed-stone base (inches), 
E5 = modulus of elasticity of the suhgrade (psi), and 
A = deflection. 
i A A c D 
NO. 1 SENSOR 
1 -8.0276712E-09 4.4637935E-07 -7.8334349E-06 4.3700774E-05 
2 2.2880623E-07 -1.2956090E-05 0.00023168 -0.00126428 
3 -2.0069119E-06 0.00011636 -0.00213561 0. 01152101 
4 5.3511621E-06 -0.00032005 0.00617403 -0.03601869 
5 3.8112800E-08 -2.1142292E-06 3.6712485E-05 -0.00019713 
6 -1.0927940E-06 6.1604764E-05 -0.00108663 0.00564980 
7 9.6888879E-06 -0.00055752 0.01004067 -0.05039463 
R -2.6361517E-05 0.00155888 -0.02921499 0.14909581 
NO. 2 SENSOR 
1 -1.9422702E-08 1.0770627E-06 -1.8518686E-05 9.5507480E-05 
2 5.2<;79366E-07 -2.9137271 E-05 0.00049930 -0.00251336 
3 -4.2M9807E-06 0.00023786 -0.00407111l 0.01974771l 
4 9.1l9837BOE-06 -0.00055346 0.00958628 -0.04540810 
5 6.1453952E-08 -3.3927169E-06 5.7851557E-05 -0.00028477 
6 -1.9486070E-06 0.00010728 -0.00180!l61l 0.00847179 
7 1. 5831303E-05 -0.00087303 0.01469?00 -0.06471592 
R -3.6284025E-05 0.00202136 -0.03448633 o. 131178339 
NO. 3 SENSOR 
1 2 .1333448E-08 -1.2598323E-06 2.42076119E-05 -o.onn16422 
2 -6.1003392E-07 3.6138955E-05 -0.00069872 0.004113808 
3 5.4277510E-06 -0.00032212 0,00626(,02 -O.Il4474861 
4 -1.5081292E-05 0. 000895Z5 -0.01749993 n. 13007837 
5 -1.0456648E-07 6.1644249E-06 -0.001111799 0.00078800 
6 2.9858350E-06 -0.00017641 0.00339148 -O.f\2303053 
7 -2.6465435E-05 0.00156508 -0.03021266 0.21073267 
8 7.2f>99360E-05 -0.00429505 0.08308389 -0.60401394 
E 
0.00015920 
-0.00603433 
0.07053069 
-0.94738380 
-0.00079876 
0.03181695 
-0.42286904 
6.27491080 
ll.9416760E-05 
-0.00416610 
0.07009015 
-1.12011456 
-0.00038341 
0.01804<'>79 
-0.34277031 
6.61774653 
4.6358157E-05 
-0.00319426 
0.07028740 
-1.27529337 
-0.00010359 
0.01019562 
-0.28067328 
6.84595514 
2). In areas suspected of deficiencies in the subgrade and 
supporting (unbound) Layers, tests indicated there was more 
variability among the deflections for No. 2 and No. 3 
Sensors than among the measured deflections for the No. 1 
Sensor. In such situations, either the No. 2 or No. 3 
Sensor deflections, or both, and the associated No. 1 
projacted deflections are not matching elastic theory. 
Deficiencies in Bound Layers Conversely, if there 
is a deficiency in the bound layer (asphaltic concrete), the 
deflection bowl bends sharply about the point of application 
of the load (Figure 2). The measured deflection at Sensor 
No. 1 is considerably greater than its theoretical 
counterpart while the No. 2 and No. 3 deflections very 
closely match predictions from elasti~ theory. Deflection 
bowls of this shape are usually observed where there are 
signs of pavement distress such as crackin~ and ruttin~. 
Quantifying Effective Behavior -- Measurerl Road Rater 
deflection bowls can be evaluated by comparing to 
theoretically expected relationships. Pavement behavior (or 
condition) can be given in terms of a predicted subgrarle 
modulus, effective layer thicknesses, and effective morluli 
of the Layers. The effective behavior may be expressed by 
any combination of these variables that matches the measured 
deflection bowl. In methodologies presented in this paper, 
pavement behavior is expressed in terms of a predicted 
subgrade modulus anrl an effective thickness of ''reference'' 
high-quality asphaltic concrete. The effective thickness of 
the granular base is assumed 
as-constructed thickness. 
to be equal to the 
Determining a ''true'' and reasonable effective structure 
of an existing pavement is an iterative process. The 
reasonableness of the combinations of subgrade strengths and 
effective thicknesses of the asphalttc concrete is dependent 
upon the physical constraints (measured deflections and 
as-constructed thicknesses) of a given pavement structure. 
The iterative process involves selecting a subqrade modulus 
and effective thickness and comparing the resulting 
theoretical deflection bowl to the measured bowl. If the 
deflection bowls do not match, the subgrade modulus and 
effective thicknesses are adjusted and the process 
until a satisfactory match is obtained. 
repeated 
Figure 9 (a combination of Figures 4 and 8) illustrates 
a "short-cut" procedure that usually eliminates the need for 
iterations. The methodology utilizes the theoretical 
relationship between No. 1 projected deflections and No. 1 
Sensor deflections and the theoretical relationship between 
subgrade moduli of elasticity and No. 1 Sensor deflections. 
Elastic theory has been used to simulate the 
relationship of surface deflection at the position of the 
No. 1 Sensor as a function of subgrade modulus, thickness of 
a crushed-stone base, and thickness of asphaltic concrete. 
The constructed thickness of asphaltic concrete will result 
in a relationship having the lowest deflection for a given 
subgrade modulus. Theoretically, as the pavement becomes 
thinner, the deflection will increase. Thus, a family of 
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Figure 9. Illustration of a Method for Estimating In-place 
Subgrade Modulus and Effective Thickness of 
Asphaltic Concrete. 
lines can be constructed to relate theoretical deflection of 
the No. 1 Sensor, subgrade modulus, and thickness of 
asphaltic concrete as shown on the right side of Figure 9. 
Table 4 summarizes the equations and coefficients of the 
family of curves. 
Deflections for the second and third sensors are used 
to calculate a projected deflection for the position of the 
No. 1 Sensor (see section entitled THE DEFLECTION BOWL). A 
theoretical relationship between No. 1 Sensor deflections 
and projected deflections for constructed thicknesses of 
asphaltic concrete at reference conditions is illustrated by 
the solid line on the left portion of Figure 9 (also see 
Figure 4). Deflections measured by the second and third 
sensors are more indicative of the condition of the 
~ 
subgrade. Deflections of the No. 1 Sensor are indicative of 
the condition of the asphaltic concrete layer. 
For the ''x'' point in Figure 9, deflections for the 
second and third sensors produced a calculated projected 
deflection too small when compared to the companion measured 
deflection for the No. 1 Sensor. This ''abnormal'' condition 
indicates the asphaltic concrete is performing as a thinner 
layer. If the measured deflection ror the No. 1 Sensor is 
used to estimate the subgrade modulus, the effective 
behavior is as if the full thickness of the asphaltic 
concrete were on a weaker subgrade. In that case, the 
measured deflections for the second and third sensors would 
not match the theoretical deflections. Therefore, it i s 
necessary to ''correct'' the ''measured'' projected deflection 
to be compatible with deflections at the second and third 
sensors on the basis of the theoretical relationship between 
projected deflections and No. 1 
side of Figure 9). However, 
Sensor deflections (left 
the deflection of the first 
sensor indicates the thickness of the asphaltic concrete is 
thinner than the actual thickness. To duplicate the 
measured deflection bowl, the equivalent structure that 
matches the condition is one of a thinner asphaltic concrete 
layer on a stronger subgrade. To obtain that structure 
having an equivalent behavior, the theoretical deflection is 
determined by moving vertically from the calculated 
projected deflection 
Figure 9 (Step 1). 
horizontally (Step 2) 
to the solid Line on the Left side of 
Using that 
to obtain 
point 
the 
as a turn, move 
estimated in-place 
subgrade modulus from the theoretical relationship between 
deflection and subgrade modulus for the constructed 
thickness of asphaltic concrete (heavy line on the right 
side of Figure 9). Using that estimated subgrade modulus as 
a turning point, move vertically (Step 3) to the measured 
deflection (Step 4) for the No. 1 Sensor to obtain the 
estimated thickness of the asphaltic concrete (from the 
lighter solid Lines on the right side of Figure 9). 
The other most commonly measured deflection bowl 
illustrated by the ''o'' point 
deflection bowl is very flat, 
in Figure 9. There 
normally indicating a 
i s 
the 
weak 
subgrade condition. When deflection bowls of this sort are 
encountered, the magnitudes of the deflections at the second 
and third sensors are much Larger than theoretically 
expected and are not compatible with the measured No. 1 
deflection. Therefore, it is again necessary to ''correct'' 
the measured deflection at the first sensor to be compatible 
with companion measurements for Sensors No. 2 and No. 3. 
Since the measured \deflections at the second and third 
sensors are indicating a weakened subgrade, the unadjusted 
measurements are first used to estimate an in-place subgrade 
strength by moving horizontally along the value of the 
measured deflection of the No. 1 Sensor to the heavy solid 
line on the right side of Figure 9 (Step 5). The adjusted 
deflection for the first sensor (found by moving vertically 
from the measured deflection to the solid line on the Left 
side of Figure 9 (Step 6) to locate another turning point) 
is used to estimate an effective thickness of asphaltic 
concret~ (Steps 7 and 8). Comparisons with earlier analyses 
(5, 15) indicate that this procedure will normally result in 
a slightly stronger subgrade modulus coupled with a reduced 
asphaltic concrete thickness that produces a theoretical 
deflection bowl matching the measured bowl. 
Analyses of field deflections indicated this procedure 
will produce results that can be used as input into an 
overlay 
testing 
design process 
of pavements 
without iteration. Road Rater 
before and after overlaying shows the 
ultimate behavior of the overlaid pavement is equal to that 
of a pavement having a total thickness of reference-quality 
asphaltic concrete equal to the sum of the effective 
thickness before overlaying and the overlay thickness (4, 
7). 
Estimation of Effective Structure 
The determination of the effective pavement structure 
is illustrated by the right side of Figure 9. If the 
pavement is performing as one having a thickness equal to or 
greater than the design thickness of asphaltic concrete, the 
field data will plot on the theoretical line. If the field 
data plot above the Line, the pavement is performing as one 
made of the reference materials but that is thinner than the 
design and(or) constructed thickness. 
When pavement performance is expressed in terms of 
reduced layer thicknesses, all layers may be varied in any 
combination af thickness of reference materials and a 
predicted subgrade modulus that result in a deflection bowl 
matching the measured bowl. The present procedure, however, 
maintains a constant crushed-stone thickness (equal to the 
as-constructed thickness) and expresses pavement behavior as 
a reduced thickness of asphaltic concrete at the reference 
modulus. If this method is used, Lines of reduced thickness 
of asphaltic concrete can be superimposed onto the plot of 
No. 1 Sensor deflection versus subgrade modulus. The 
effective thickness may be interpolated from those lines 
(right side of Figure 9). 
Sampling and Statistics 
The sampling interval for deflection testing varies 
according to specific analysis requirements. For example, 
the density of testing can be low when the objective is to 
estimate effective pavement behavior for long lengths of 
highway. The current density of testing for analysis of 
asphaltic concrete pavements for overlay design purposes is 
at 0.16-km (0.1-mi le) intervals for each direction or lane 
tested. Generally, overlay thicknesses are not varied in 
short lengths, and therefore, low-density testing is 
acceptable. If a specific problem area is to be evaluated, 
higher densities of testing may be required to delineate the 
limits of the problem area. In such cases, testing has been 
done on 30-m (100-ft), or less, intervals. 
Statistical analyses of the results of the evalLation 
of deflection data (i.e., expressions of in-place behavior 
such as effective pavement thickness or subgrade strength) 
are normally oriented toward the selection of design values. 
It is desirable to select some level of pavement 
performance (required overlay thickness) that represents a 
tolerable balance between some overdesign and some 
acceptable risk of premature failure. For example, use of 
mean values for design purposes recognizes a 50-percent 
probability of premature failure. The design curves (Figure 
10) used in Kentucky are based on the 90-percentile level 
(i.e., there is assumed to be only a 10-percent probability 
of premature failure). The statistical levels assigned to 
other aspects of the evaluation of the structural adequacy 
of pavements (effective thicknesses and in-place subgrade 
muduli) can be varied, depending upon the type of facility 
under consideration, the funds available for rehabilitation, 
and the degree of risk acceptable to the highway design 
engineer and administrator. Unfortunately, there is very 
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Figure 10. ·Simplified Design Curves for Thickness of 
Asphaltic Concrete Layer (a) 33 Percent, (b) 50 
Pe~cent, and (c) 75 Percent of the Total 
Pavement Thickness. 
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Little documented experience relative to specific design 
confidence Levels based on field performance histories. 
The Larger the sample size, the greater the reliability 
that may be attributed to the data analysis. A sample 
bowls) 
size 
is of 3 0 or more measurements (of deflection 
generally required for most statistics to be considered 
acceptable, although there are no firm rules regarding 
sample s' i z e. However, the assumption of a normal 
distribution is more valid with Larger sample sizes. 
DESIGN EQUIVALENT AXLELOADS 
To prepare an overlay design, it is necessary to 
estimate or predict the characteristics of the anticipated 
traffic stream that is to be served by the section of 
highway under consideration. To use Kentucky's current 
thickness design procedures, the characteristics of the 
traffic stream must be expressed in terms of equivalent 
axle loads (EAL' s) anticipated during the 80-kN (18-kip) 
design period. Several procedures are available to obtain 
such estimates (3, 4, 22). 
OVERLAY DESIGNS 
Once the input parameters (in-place subgrade moduli, 
effective thicknesses of asphaltic concrete, and design 
EAL's) have been determined for each test point by analyses 
of deflection and traffic data, overlay designs can be 
prepared. First, from Figure 10, determine the total 
structural thicknesses for at Least three designs using the 
existing thickness of the crushed-stone base. Plot and 
connect those points to obtain Curve A in Figure 11. For 
the design EAL and 
three total design 
in-place subgrade modulus, determine 
thicknesses from Figure 10. Plot those 
designs on Figure 11 and connect to obtain Curve R. The 
intersection of Curves A and B is the required total 
thicknes~ for the design conditions. Overlay requirements 
can be determined as . the difference between the total 
thickness required for ''new'' construction (the intersection 
of Curves A and B) and the effective thickness of the 
existing pavement in the design length. 
Once an overlay design for each test point using the 
in-place subgrade and effective thickness for that point has 
been determined, the overlay designs then may be plotted on 
a strip chart (Figure 12) and design sections of more or 
less uniform overlay requirements delineated. Statistical 
parameters (i.e., acceptable design risks) then are applied 
to select the overlay design for each section. 
An inspection of strip charts similar to Figure 12 may 
reveal data points that apparently represent extremely weak 
pavement conditions (over short lengths) when compared to 
the majority of the data for the design section. In 
selecting the overlay design Cby applying acceptable levels 
of risks), those ''weak'' points may be removed from the 
analysis of statistical parameters. Special structural 
patches, to be placed before overlaying, may be designed for 
those weak locations to return them at least to the desi~n 
conditions for that section. 
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Figure 12. Strip Chart of Overlay Designs. 
CASE HISTORIES 
I 65, MARSHALL COUNTY, TENNESSEE 
At the request of the Tennessee Department of 
Transportation, the Kentucky Road Rater and analysis 
procedures were used to evaluate the existing condition of a 
portion of I 65 in Marshall County. That analysis was 
accomplished prior to the preparation of overlay designs for 
the project. Estimates of in-place subgrade strengths and 
effective thicknesses were used to design overlays. Traffic 
data were provided by Tennessee officials. A sampling of 
the data-collection process and the results of the pavement 
evaluation are illustrated in Figures 13 through 17. 
EVALUATION OF PAVEMENT MILLING 
Deflection testing performed in August 1982 indicated a 
deteriorated condition in the asphaltic concrete layers on I 
65 from MP 22.6 to 27.2 in Marshall County, Tennessee (a 
portion of the above project). It was decided to mill the 
top portion (76 mm (3 in.) of original construction and 25 
mm (1 in.) of maintenance overlay) so that 235 mm (9.3 in.) 
of asphaltic concrete remained. Questjons were raised 
concerning the structural worth of the material to be 
removed. 
To assess the structural capacity of the milled 
materiaL, Road Rater evaluations were conducted before and 
after miLling. 
ApriL and May 
Deflection measurements were obtained during 
1983. Considering the difficulty of testing 
DATA SHEET 
PROJECT DESCRIPTION 
AND 
TEMPERATURE DISTRIBUTION DETERMINATION 
Pate: e- 4- a:t Section :_:::4~- M p ;<;t, C. to MP :<7, ::{ 
Projection Description: X'-5, MAtt:sHAI.L.. CouN'r'f, T§NNC:'Ssee; 
NoRTHI!>ouNt> 111eo•I'IN (II'\SIIH:) LANs 
Beginning Time: .3:S.?P"'I CST Te!'lperature: 117 F 
Ending Time: 4i.:U,P"'' c..sT Temperature: II~ F 
Mean Pavement Surface Temperature: JI4 • .S F 
5-day Mean Air Temperature History: 
Sum: I 'I ;J?,.s F 
Enter Temperature-Depth Curves with 4:oo (14oo) and Jq:r,sF 
Asphaltic Concrete Thickness: I::?, 3 '1 
Temperatures at Surface: 114 • .5 r:: 
Middle: 97 F 
Bottom: 87 F" 
Mean Pavement Temperature: qq,sF' 
. 
Mean Modulus of Elasticity of Asphaltic Concrete: 3/0,000 P'" 
(at 25 Hz) 
Deflection Adjustment Factors: 
Sensor No. 2: 0,7::ZB 
Sensor No. 3: O.Bo::{ 
Figure 13. _Project Description and Temperature 
Distri_bution Determination. 
OATA SHFET 
DEFLECTIONS AND COMPUTATIONS 
================================================================================ 
MEASURED ADJUSTED 
" DEFLECTIONS* DEFLECTIONS* 
LANE/ SENSOR NO. SENSOR NO. AC 
ODOMETER TIME/ WHEEL -------------- ---------------------- E SUB EFF T READING TEMP TRACK 1 2 3 4 1 2 3 1P (k s i) <in.) 1 P** ---------------------------------------------------------------------------------79.5*** 5:52pm 2 1 23 14 
79.6 117 F 2 2 20 11 
79.7 2 1 21 16 
79.8**** 2 2 32 23 
79.9 2 1 26 16 
80.0 2 2 55 37 
NOTES: 
Lane: 1 -- Out~ide lane 
2 -- Inside (passinp) lane 
Wheel Track: 1 -- Outside 
2 -- Inside 
F. SIIB: Subgrade modulus (psi) 
7 6 15.7 10.2 5.6 18.5 
7 5 13.6 8.0 S.6 11 • 4 
9 9 14.3 11.6 7.2 111.8 
10 6 21.8 16.7 8.0 35.0 
10 7 17.7 11.6 8.0 16.9 
18 13 37.5 26.9 14.4 50.3 
AC EFF T: Effective thickness of asphaltic concrete (inches) 
* Deflection in 10-s inches -s ** Theoretical projected No. 1 Sensor deflection in 10 inches 
*** Milepoint 23 
**** 1-inch patch on pavement at this point 
Figure 14. Example of Data Sheet. 
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Figure 16. Determination of Overlay Thickness. 
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Figure 17. Strip Map of Overlay Designs. 
the exact locations before and after milling, mean values 
were used for comparisons, rather than test point-by-test 
point comparisons. Table 5 summarizes results for each of 
three test lengths. 
The difference between the effective behavioral 
thickness before milling and after milling was approximately 
50 mm (2 in.), with slight variations depending on the 
particular test area. Thus, it was hypothesized that the 
milled material was worth structurally only SO percent of 
the actual thickness removed by milling. It also was noted 
that the standard error was less after milling than before. 
MAGOFFIN COUNTY, KENTUCKY 
The Kentucky Transportation Research .Program has been 
conducting an extensive deflection survey and analysis 
program for the Kentucky Department of Highways for the past 
two years to provide input into annual rehabilitation 
programs. Pavement roughness surveys and visual inspections 
are used to select sites for deflection testing. A recent 
example included in those activities was a section of KY 114 
in Magoffin County. The segment of highway in question was 
constructed as 150 mm (6 in.) of asphaltic concrete an 300 
mm (12 in.) of dense-graded aggregate base. The pavement is 
subject to considerable heavy coal-hauling traffic. 
Road Rater deflection measurements were obtained at 
0.16-km (0.1-mile) intervals during June 1983. Results of 
the analyses are presented in the Left portions of Table 6. 
The spring CBR was computed by dividing the estimated 
TABLE 5. EFFECTIVE THICKNESSES OF ASPHALTIC CONCRETE 
BEFORE AND AFTER MILLING 
======================================================= 
THICKNESS (in.) 
NO. 0 F 
LOCATION TESTS ACTUAL 
MP 23.6+ Outer Lane 
BeT"ore Milling 17 13.3 
After Milling 17 9.3 
Difference 4.0 
MP 23.7 to 24.1 Northbound Passing Lane 
Before Milling 84 13.3 
After Milling 83 9.3 
Difference 4.0 
MP 25.4 to 27.4 Northbound Outer Lane 
After Milling 81 9.3 
1 in. = 25.4 mm 
BEHAVIORAL 
STANDARD 
MEAN ERROR 
9.32 
7.40 
1. 92 
9.78 
7.72 
2.06 
7.69 
1 • 56 
0.86 
1. 7 4 
1. 22 
1.08 
TABLE 6. COMPARISON OF RESIILTS OF ANALYSES FOR KY 114, MAGOFFIN COUNTY, KENTUCKY 
:;============================================================================================= 
AT MILEPOINT # 0.00 
DESIGN THICKNESS = 6.00 INCHES 
MEAN TEMP = 95.1 AT TIME = 14.02 
PREVIOUS 5-DAY AVERAGE TEMP = 79.6 
MEASIIRED SURFACE TEMPERATURE = 105.0 
SITE MILE- COMB SEN1 SEN2 SEN3 
NO. POINT TEMP RDG RDG ROG RANGE .DEFL1 
SURGRAD ASPH SPR 
DEFL2 OEFL3 MODllLIIS T EFf CAR IOL 
subgrade modulus by 1500 and then multiplying by a factor 
(from Figure 7) dependent upon date of testing to adjust to 
springtime conditions. The column labeled ''IOL'' is the 
required overlay thickness for each test point. Statistical 
analyses may be applied to the individual overlay 
thicknesses to select an appropriate overlay design. Strip 
charts also may be prepared to determine locations where 
changes in overlay designs may be required or desirable. An 
B-year design EAL of 1.33 x 10h was used in the analyses. 
By March 1984, the analysis procedure had been modified 
to provide overlay thicknesses as a function of EAL's. A 
regression analysis is performed to determine this 
relationship for each design section of a project (Figure 
18). This permits the preparation of overlay designs before 
project EAL's are estimated. An overlay design thickness is 
immediately available when the projected EAL is determined. 
Additionally, such overlay thickness-versus-EAL curves can 
be used to assess the impact of stage designs. 
overlay requirements indicate the existing 
Negative 
pavement 
structure is adequate for some time interval. An estimate 
of that interval can be obtained from the curves. 
Figure 18a presents the relationship between overlay 
thickness requirements and 18-kip equivalent axleloads for a 
section of the Cumberland Parkway where deflection testing 
indicated a sound pavement condition. Note that nearly 10 
EAL's may be sustained before the pavement fatigues 
structurally to the point of requiring an overlay. In 
Figure 18b is a similar relationship for a section of the 
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Figure 18. Overlay Designs as a Function of EAL. 
Purchase Parkway where deflection testing inrlicated 
considerably greater deterioration. Rehabilitation is 
required immerliately; delays in scherluling overlays for such 
pavements would result in accelerated rleterioration that 
would require additional overlay. 
OTHER APPLICATIONS 
The concepts and procedures described in this paper 
have been applied to dynamic deflection data obtained 
directly on subgrades, on 
pozzolanic bases, on 
rlense-graded 
full-depth 
aggregate 
asphaltic 
bases, on 
concrete 
pavements, anrl on portland cement concrete pavements. The 
Chevron N-layered program was used to rlevelop for each case 
theoretical relationships between deflections and various 
combinations of Layer thicknesses, Poisson's ratios, and 
moduli. The agreement be'tween the theoretical 
relationships, Road Rater rlata, and Laboratory data has been 
amazingly good (23). 
The Chevron program also has been used to simulate the 
Road Rater for the analysis of broken and seaterl portland 
cement concrete pavements prior to and after overlaying. 
In-place subgrade m,oduli may be estimated from test data 
obtained on the intact pavement prior to breaking. Testing 
after breaking and seating provides estimates of moduli of 
the broken concrete, using the subgrarle modulus obtained 
prior to breaking. The concepts discussed in this paper are 
being applied to these situations on an experimental basis. 
Many questions and relationships are being investigated. 
Comparisons of sensor deflections from edther side of a 
joint or crack in a portland cement concrete pavement may 
reveal the effectiveness of load transfer from slab to slab. 
Procedures utlizing Road Rater measurements for these 
evaluations are still being studied. 
It also has been demonstrated that pavement deflections 
obtained with the Dynaflect can be analyzed utilizing the 
concepts presented in this paper. It is necessary, 
however, to develop relationships among sensor locations, 
deflections, moduli, and layer thicknesses that match the 
dynamic input of the Dynaflect. 
CONCLUSION 
Most approaches to analyzing deflection measurements of 
,pavement systems require a large mainframe computer using 
iterative procedures to estimate the moduli 
The results present the designer with 
of the Layers. 
the task of using 
those moduli to design overlay thicknesses. The approach 
presented 
designer. 
was, in 
in this paper greatly simplifies the task for the 
The methodology offered can be processed by (and 
fact, developed for) a programmable hand-held 
calculator. A program has been written for a mainframe 
computer to process de~l~ction data using the methodology 
described in this paper. One advantage over processing by 
hand-held calculators is the significant savings in time to 
reduce the data. A second advaniage is the availability of 
computerized statistical programs used in determininq the 
overlay thicknesses associated with specified design 
levels. 
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